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We report on the assembly of a highly-ordered array of copper tetrameric clusters, coordinated into a metal-organic network. The ordered cluster array has been achieved by deposition of tetrahydroxyquinone molecules on the Cu(111) surface at room temperature, and subsequent thermally activated dehydrogenation with formation of tetraoxyquinone tetra-anions with a 4×4 periodicity. The supramolecular organic network acts as spacer for the highly ordered two-dimensional network of copper tetramers at the very surface.
Adsorption of single molecular units on surfaces towards fabrication of supramolecular structures is one of the most promising ways for obtaining novel two-dimensional (2D) ordered metal-organic architectures, 1 with unique and peculiar structural features, a) Electronic mail: carlo.mariani@uniroma1.it functionalities and catalytic properties. [2] [3] [4] [5] [6] [7] [8] In this way, single metal atoms embedded into an organic cage 9,10 or small metal clusters 11, 12 can be obtained in a highly ordered fashion within a quasi-planar 2D molecular lattice.
For metals like gold, clusters made of few atoms often present catalytic properties absent in their bulk counterpart, 13 as also the 1 chemical reduction efficiency of tetrameric copper clusters has been recently outlined. 14 The wide range of applications that need specific cluster size underlines the importance of developing novel techniques in order to enable the tuning of properties of the materials.
The variety of the existing techniques to produce clusters on a surface spans from wetchemistry, 15 to atomic beam deposition, 16 to assisted chemical vapor deposition, 17 to atomic cluster sources, 14 to soft-landing of size-selected gas phase clusters onto supported surfaces, 18 though a long-range highly-ordered cluster distribution is not ensured. Electronic, optical and magnetic properties are deeply related to the metal clusters size. In addition, recent evidences also show that a precise control of the registry between the surface-supported metal centers and the substrate guaranteed by long-range order can have a dramatic influence on their catalytic properties. 19 Thus, controlling cluster size and distribution acquires a pivotal role when tailoring such properties. Metal surface coordination networks to-date are typically composed by single metal atom centers or limited to trimers. 11 In this work, we present a novel method to produce size-selected copper tetramers by the employment of tetrahydroxyquinone (THQ) as the organic template obtaining a metal-organic network. The organic template serves as a mold to embed mono- stoichiometry best matches the experimental STM images. Our analysis identified that the best ratio to be THQ:Cu (adatom) = 1:8 (i.e., one tetra-anion and two Cu tetramers per unit cell, see Fig. 2b and Fig. S4 ). In particular, the structure in Fig. 2b is predicted to be energetically significantly more stable than the ones in Figs. S4 and S3 (see SM), and is thus our "best" predicted struc-ture based on theory alone. Its corresponding simulated STM image is provided in Fig. 2c The agreement with the experimental STM image, reported in Fig. 2a In order to confirm the dehydrogenation process of THQ molecules upon annealing, we performed high energy-resolution corelevel XPS (HR-XPS) measurements (Fig. 3) on THQ molecules deposited on the Cu(111) surface, before and after annealing. The molecules adsorb intact onto Cu(111) held at room temperature. In fact the O 1s spectra display two peaks, as obtained by fitting the data with Voigt functions (lorentziangaussian lineshape, further detail in the SM), at 530.45 eV and 532.50 eV (Fig. 3a) . The component at lower binding energy (BE) is associated to C=O oxygen, while the peak at higher BE is associated to C-O-H. Con- (Fig. 3c) . Referring to the model shown in Fig. 2b , the peak at 530.35 eV corresponds to oxygen atoms bound to two copper adatoms, while the peak corresponding to oxygen atoms bound to one copper adatom appears at higher binding energy. This assignment is justified by the DFT model, suggesting that there are four oxygen atoms, which is reflected by the lower binding energy of the corresponding peak (Fig. 3d ).
The C 1s peak after the annealing is also characterized by a tail at low BE that can be explained by the presence of a low amount of graphitic carbon (black component at 283.90 eV) due to a partial degradation of the pristine intact molecules. It is worth to note that the TOQ synthesis has been possible only thanks to surface stabilization, as the high ex-situ reactivity of such organic tetra-anions prevents the possibility to directly sublimate them on the surface.
III. CONCLUSIONS
In conclusion, we synthesized and characterized a 2D-ordered assembly of interlinked copper tetramers through dehydrogenated THQ molecules on the Cu(111) surface. The ability to produce arrays of controlled spaced tetrameric Cu units is potentially very interesting for applications requiring size-selected ordered arrays of metal clusters. We fully characterized the as-deposited 
